We use molecular dynamics simulations to investigate the tracer diffusion in a sea of polymers with specific binding zones for the tracer. These binding zones act as traps. Our simulations show that the tracer can undergo normal yet non-Gaussian diffusion under certain circumstances, e.g, when the polymers with traps are frozen in space and the volume fraction and the binding strength of the traps are moderate.
details to perform Brownian dynamics simulation for the most abundant proteins in E. coli [6] , Hasnain et al. used a coarse-grained model for the same [7] .
In addition to crowding, a random or periodic external field can also lead to a deviation from normal Brownian diffusion. This can arise when a particle move through a heterogeneous medium with fluctuating interactions or topology [41, 42] . In this context it should be mentioned recently a molecular dynamics simulation has been performed with an all particles different (APD) system where each particle interact with another with a different potential [43] .
In this paper we investigate the tracer diffusion in a heterogeneous medium consisting of a collection of polymers with binding zones. These polymers essentially have specific binding zones acting as traps for the tracer. Excluding the binding zones the rest of the polymers serve as the non-sticky obstacles for the tracer with no binding affinity. Thus our model is a combination of sticky and non-sticky obstacles and they are connected along a polymeric chain. On the other hand, the crowding is a consequence of the inclusion of many such chains in the simulation box. Therefore we study the effect of crowding and varying interaction on the tracer diffusion simultaneously. The tracer diffusion is investigated in two different conditions, in one case, the polymers are placed randomly and allowed to move during the simulation, thus mimicking a mobile yet crowded environment. In another case, after randomly placing the polymers in the simulation box they are frozen to ensure a static heterogeneous distribution of sticky and non-sticky obstacles around the tracer. We find the diffusion process to become non-Gaussian when the polymers are frozen as then the tracer experiences a heterogeneous distribution of sticky and non-sticky obstacles and shows jiggling motion in a cage followed by cage to cage jumps. But the diffusion becomes subdiffusive when the population of the polymers is increased which resulted efficient trapping and becomes even more subdiffusive when the binding affinity of the trapping zones increases.
On the other hand diffusion becomes Gaussian when the size of the tracer is increased. This switching over to Gaussian from non-Gaussian diffusion on increasing the tracer size is also observed in a recent experiment [16] on tracer diffusion in polymer gel.
The paper is arranged as follows. In section II we we present the simulation details, in section III we discuss the calculation methods. The results and discussions are given in section IV and we conclude the paper in section V.
II. SIMULATION DETAILS
We perform molecular dynamics simulations using ESPResSo [44] , a freely available molecular dynamics package. In our simulations Lennard-Jones parameters are used as the unit system, where σ 0 is chosen as the unit of length and the unit of energy is given by 0 . All the particles in the system have identical masses. Each of the polymers in the system are self avoiding and consists of twenty monomers. The monomers are connected via finite extensible nonlinear elastic (FENE) potential.
Where k f is the force constant of the bonds connecting each two monomers which can achieve a maximum length of r max . For our simulation the values of the parameters are
The monomers and the tracers have same diameter of 0.5σ 0 . Among the twenty monomers in each polymer, ten monomers starting from sixth to fifteenth have attractive interaction with the tracer and act as the binding zone as can be seen from Fig. (11) [45] . The binding zones interact with the tracer by means of the Lennard Jones (LJ) potential. Here, σ is the sum of radii of the two particles interacting via LJ potential and since all the particles have same size, here σ = 0.5σ 0 and is varied from 2 to 6 with r cut = 3σ 0 .
We choose three particular values of , = 2 0 , = 4 0 , = 6 0 . Whereas, the rest of the monomers in the polymers are repulsive to the tracer and this interaction is modelled by Weeks-Chandler-Anderson (WCA) potential [46] .
Where, σ = 0.5σ 0 , r cut = 2 1/6 σ 0 and = 1 0 . The interaction between the monomers of the same and different polymers is always repulsive and modelled by WCA potential with the same set of parameters mentioned above. This is just to ensure that these polymers do not form clusters. We investigate the tracer diffusion in different degrees of crowding. For each value of in LJ potential the simulations are performed in three different monomer volume fractions φ, namely 5%, 10%, 15% which is achieved by changing the number of polymers in the system. However, the system remains in semi-dilute regime even at φ = 15%. The values of parameters of WCA potential remain the same in every simulation. For each set of and φ we generate thirty trajectories of the tracer. For each simulations the time step (δt) is chosen to be 0.001 and after equilibrating the system long enough so that polymers have relaxed, the final simulation are carried out for 25 × 10 4 steps. To accelerate the simulations we record the position of the tracer and each monomers in the system at every 50 th step.
Therefore we obtain the data for total 5000 steps at every 0.05 time difference. We use Langevin thermostat in NVT ensemble and use velocity Verlet algorithm for the integration of each time step.
The dynamics of each particle in the system is described by the Langevin equation
Here, m is the mass of the particles, ξ is the friction coefficient which is considered to be ξ = 1 always. r(t) is the position of the particle at time t and f (t) is the random force acting on it. The random force f (t) is a white noise with zero first moment [47] .
Where, k B is the Boltzmann constant and T is the temperature of the thermostat and the thermal energy, k B T = 1. As shown above all the particles experience Gaussian distributed white noise. The sum in Eq. (4) is over the position of all the particles in the system excluding the one being evaluated. We do not consider any hydrodynamic interaction in our simulations.
III. CALCULATION METHODS
To monitor the tracer diffusion we compute the Mean square displacement δ 2 (τ ) of the tracer. The time-averaged M SD(τ ) is given by
Where r(t + τ ) is the position of tracer at time (t + τ ) and r(t) is the same at the initial time t. The average is done over all the initial values (t). We also carry out ensemble average of the time-averaged δ 2 (τ ) over all thirty different trajectories for the tracer. For
Fickian diffusion after the initial ballistic region the δ 2 (τ ) is linearly proportional to the time difference i.e. δ 2 (τ ) ∼ τ β , where, β = 1. Whereas, for a subdiffusive process β < 1.
To probe the nature of dynamics further, we calculate the velocity autocorrelation function
For normal Brownian motion C v (τ ) is exponential whereas negative correlation at short τ can originate from either fractional Brownian motion or Continuous time random walk (CTRW) in the presence of confinement [19, 48] . In the long time it approaches zero. Now to probe whether the tracer diffusion is Gaussian or not, we chose to calculate the non-Gaussianity parameter (α 2 (τ )). The non-Gaussianity parameter is used extensively in the literature especially in connection to glassy dynamics [49, 50] . However we do not have any glass like behavior here as the volume fraction of the polymers are below the onset of glass transition. For a three dimensional process α 2 (τ ) is given by
One can easily check that the non-Gaussianity parameter is exactly zero for a free diffusion with Gaussian distribution. Whereas, for non-Gaussian process e.g. CTRW will show a deviation from zero [20, 36, 49, 51] . CTRW arises when a tracer occasionally stops at intervals and as a result has a long tailed distribution of waiting times [48] .
IV. RESULTS AND DISCUSSIONS
In this section we discuss and analyze the simulation results. For analysis we relied on our codes. Whether the tracer dynamics is diffusive or subdiffusive is interpreted by analyzing the mean square displacement δ 2 (τ ) of the tracer. As already mentioned we consider two different cases of the the tracer dynamics, one where the polymers are initially randomly placed and allowed to move during the simulation and another case where the polymers are frozen after placing them randomly. Thus we have two cases, in one the tracer diffuses in presence of randomly placed but static obstacles and in the other case these obstacles are mobile. We investigate the dynamics of the tracer at varying volume fractions (φ) by changing the number of polymers in the simulation box and also carry out the simulations for a range of binding strengths ( ) between the tracer and the polymer traps. For simplicity we do not write σ 0 and 0 in the rest of the paper. For example, = 2 0 is written as = 2.
A. Mean Square Displacement δ 2 (τ )
In Fig There can be different types of subdiffusive processes [52] and the nature of the dynamics can be further confirmed by analyzing the velocity autocorrelation (C v (τ )) of the tracer as defined in Eq. (7). C v (τ ) vs τ is shown in Fig. (4) . In the presence of mobile polymers at = 2, C v (τ ) is always positive and the trend of the correlation loss is consistent, and gives rise to negative auto-correlation. Such negative correlation can emerge primarily from two different mechanisms, first is fractional Brownian motion [48] and the second is confined CTRW [48, 53, 54] . Emergence of such negative correlations with frozen polymers confirms confined CTRW type motion. This can be also seen from the trajectory (Fig. (5) ) which shows motion within a cage formed by the polymer chains, followed by a big jump to another cage. In this case these cages are in the order of ∼ 2 times the tracer size and static, since the polymers are frozen. Within the cage the tracer jiggles around and frequently changes the direction of its motion, contributing to the negative part of C v (τ ). While with mobile polymers cages are hardly formed as these polymers do not stick to each other and if formed these are only transiently stable (Fig. (5) ). This explains why only very weak negative correlations in C v (τ ) are seen with mobile polymers and that is also only at high values of φ and . However, these negative correlations can also arise due to the viscoelasticity of polymers. To probe the tracer dynamics deeper, we also calculate the non-Gaussianity parameter,
It is known that any distribution apart from Gaussian gives rise to non-zero α 2 (τ ). Fig. (6a) shows α 2 (τ ) deviates very slightly from zero when the tracer diffuses in the presence of mobile polymers. This implies initially the diffusion is only very weakly non-Gaussian. This is presumably due to the fact that on an average the tracer sees a crowded yet homogeneous environment. This is further established by a vanishing α 2 (τ ) at long τ . Whereas, in case of frozen polymers, pronounced deviation can be noticed as observed by Saltzman and Schweizer in glassy hard sphere fluids [49] , the maximum values of the plots of α 2 (τ ) vs time increases with increasing volume fraction.
Eventually at long time all the processes become Gaussian. From the values of the diffusion exponent, it is already observed that when the volume fraction is low the tracer undergoes normal Brownian diffusion. However from the values of non-Gaussianity parameter it can be seen even when the volume fraction is low, the distribution of displacement is not Gaussian for the tracer. Although the deviation is small in the case of mobile polymers, it shows strong non-Gaussian behavior in the presence of immobile polymers. This trend is similar as observed in the some recent experiments [16, 17, 22] . But at higher volume fraction the diffusion is anomalous and non-Gaussian. In the presence of frozen polymers, the deviation from Gaussianity can emerge from confined CTRW process. This is also validated from the negative velocity auto-correlation observed in this case. Fig. (6b) shows the plots α 2 (τ )
at different values of . In case of mobile polymers again very weak deviation is observed.
While with frozen polymers, the deviation from zero increases with increasing and the magnitude of the deviation for = 4 is very high which lasts for very long time as well.
However, at = 6, α 2 (τ ) shows almost no deviation (not shown). This might seem very surprising at first, but from the δ 2 (τ ) and the diffusion exponent β it is clearly observed that the tracer shows almost no movement when the binding affinity of the frozen polymers are very high and that gets reflected in the almost negligible value of the non-Gaussianity parameter.
D. Trapping time
In this section we present the the statistics of the binding and unbinding processes of the tracer in the trapping zones of the polymers. There is no unique way of defining the trapping.
In our case, the tracer is regarded to be trapped when the tracer is within a minimum distance from any two or more binding monomers of any of the polymer present in the simulation box. The minimum distance is less than or equal to 1.1σ, where σ = r tracer + r monomer , around the Lennard-Jones minima, otherwise it is considered to be free or unbound. It is very evident from here that the statistics obtained from this representation of trapping will vary if a different definition of trapping is followed, however it is expected that the overall trends will always remain the same. However there could be a situation that the tracer is caged but in our definition it is not trapped, especially when the cages are big (∼ 2 in length scale). We calculate the distance between the tracer with every binding monomers in the system at each time step and even if the binding monomers change in two consecutive steps, the tracer is considered to be trapped. Fig. (7a) shows how the distribution of the distance travelled by the tracer in the trapped state vary with changing the volume fraction and Fig. (7b) shows the distribution of the time spent by the tracer in the trapped state.
The histogram plots show the probability of the tracer to be trapped for short time is the most likely event and it then decays with the increasing trapping time. It should also be mentioned that the inset of Fig. (7b) represents the log-log plot of the distribution of the trapping time and it clearly shows that the distribution does not follow a simple power law.
On increasing the volume fraction the trapping probability increases. This is because, as notice that the decay rate of the histogram peaks are much slower in case of frozen traps in comparison to the mobile ones. This indicates that the tracer spends more time in trapped state when the polymers are immobile, while in presence of mobile traps the probability of staying trapped for long time is less. Fig.(8) shows the similar distribution function of r trap and τ trap for different values of . On increasing the binding strength the trapping probability increases which gets reflected in the distribution plots. In this case too, the probability of spending longer time in the trapped state is higher in the presence of frozen polymers. From the corresponding average values given in Table (I) and Table (II) Table (I) and Table (II) . rather than the the number of traps.
F. Effect of Tracer size
To study the effect of the size of the tracer in binding and unbinding processes we perform another set of simulations with a tracer, five times bigger than the previous one keeping all the other parameters unchanged. The tracer in this case have a radius of 2.5 although the size of monomers in the polymers remain the same (0.5). A VMD [45] snapshot of the simulation can be seen in Fig.(11b) . With the bigger tracer the simulations are performed at volume fraction, φ = 10%, and the binding affinity of the trapping zones are fixed at = 2. As the size of the tracer is increased, lesser number of polymers are included in the simulation to maintain the volume fraction φ ∼ 10% . Simulations are done in the presence of mobile and frozen polymers and ten trajectories are generated for each case. Fig.(12a) is the plot of δ 2 (τ ) vs time and it can be seen that the δ 2 (τ ) for the bigger tracer even in the presence of mobile polymers is very low and it becomes almost negligible in the presence of frozen polymers. In the inset of Fig.(12a) we show the nonGaussianity parameters which show the diffusion to be almost Gaussian in the presence of mobile polymers and weakly non-Gaussian in the presence of static polymers. [16, 23] . For example, as found in recent experiment on the tracer dynamics in thermoreversible gels [23] , in our case too, the bigger tracers show subdiffusive behavior whereas the smaller tracers exhibit normal diffusion unless the background is very sticky or frozen. On the other hand, in an another experiment the dynamics of bigger tracers in polymer gel is found out to be Gaussian [16] and this is exactly what we find in our simulations.
V. CONCLUSIONS
Motivated by recent experiments on the tracer diffusion in polymeric materials [16, 17, 22] , we investigate the tracer diffusion in a polymer solution by molecular dynamics simulations.
The polymers in our model have specific binding zones to trap the tracer and since many in numbers can form cages either transient or permanent depending on whether these polymers are mobile or frozen. Our simulations confirm that it is rather the higher binding strength than the extent of crowding that makes the tracer diffusion subdiffusive. With frozen polymers the tracer exhibits jiggling motion in a cage, followed by cage to cage jumps resembling CTRW and resulting a non-Gaussian statistics but whether diffusive or subdiffusive that depends on the volume fraction and the binding strength of the traps. However, when the polymers are mobile, subdiffusion is observed only when the volume fraction or the binding strengths are high. We also find that with increasing binding strength and the population of the polymers, the probability of the tracer being trapped increases. However, the number of traps hardly facilitate trapping, since in the absence of any attractive interaction between the tracer and the polymers, the tracer rarely gets trapped, whereas in the presence of a small number of polymer traps the tracer shows trapping if the binding affinity of the traps is higher. Therefore it is the binding affinity rather than the number of traps that facilitates trapping. The system remains in a semi-dilute regime even at the maximum volume fraction we considered. But in future we would like to explore a more crowded environment relevant in the context of biological cells [6] . Another interesting observation is that the trapping probability increases with the increasing size of the tracer and the dynamics is still weakly non-Gaussian unless the environment is mobile. We hope that our study will help in understanding tracer diffusion in crowded environment and shed light on how differently mobile and the static crowders control the process.
